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SUMMARY 

How do the continents affect large-scale hydrological cycles? How impor- 

tant can one continent be to the climate system? To address these questions, 4- 

years of National Aeronautics and Space Administration (NASA) Terra Moder- 

ate Resolution Imaging Spectroradiometer (MODIS) observations, Tropical Rain- 

fall Measuring Wssion (TRMM) observations, and the Global Precipitation Cli- 

matology Project (GPCP) global precipitation analysis, were used to assess the 

land impacts on clouds, rainfall, and water vapor at continental scales. At these 

scales, the observations illustrate that continents are integrated regions that en- 

hance the seasonality of atmospheric and surface hydrological parameters. Spe- 

cifically, the continents of Eurasia and North America enhance the seasonality of 

cloud optical thckness, cirrus fraction, rainfall, and water vapor. Over land, 

both liquid water and ice cloud effective radii are smaller than over oceans pri- 

marily because land has more aerosol particles. In addition, different continents 

have similar impacts on hydrological variables in terms of seasonality, but differ 

in magnitude. For example, in winter, North America and Eurasia increase 

cloud optical thckness to 17.5 and 16, respectively, whle in summer, Eurasia has 

much smaller cloud optical thcknesses than North America. Such different land 

impacts are determined by each continent’s geographical condition, land cover, 

and land use. These new understandings help further address the land-ocean 

contrasts on global climate, help validate global climate model simulated land- 

atmosphere interactions, and help interpret climate change over land. 



1. INTRODUCTION 

Land is known to have a larger global warming signal [NRC, 2000; Jiin and 

Dickinson, 2002; Jin, 20041 than oceans, suggesting that the former affects and re- 

sponds to the global climate system differently than the latter. With use of re- 

cently available satellite observations, ths study examines the land impacts on 

clouds, water vapor, and rainfall, with a focus on the continental scale. 

Studying land impacts at continental scales is essential, since land-ocean con- 

trasts on surface temperature determines surface circulation (Rasmusson et al. 

1993), which in turn modifies the atmospheric 3-cell circulation and consequently 

affects the displacement of large-scale clouds and rainfall systems (Bjerknes 1966; 

Wallace and Patton 1970; Holton 2004; Wallace and Hobbs 1977; Lau 1982). Most 

studies of land impacts on climate have been at local (e.g., urban) or regional 

(e.g., deforestation) scales. How land differs from ocean on continental scales is 

an important question that needs to be addressed in order to fully understand 

land-atmosphere interaction. For example, land use and land cover prove to be 

one of the dominant forces for local and regional climate change (Henderson- 

Sellers et al. 1988; Shuttleworth et al. 1991; Sud et al. 1996; Jin and Zhang 2002). 

Studies show that urbanization modifies nearby rainfall intensity, duration, and 

peak time (Shepherd and Burian 2003; Shepherd 2004) and changes surface tem- 

perature, aerosol, and cloud features [Landsberg 1970; Oke 1982; Jin et al. 

2005a,b). Nevertheless, the integrated impacts of land as a continent, which 

should more significantly affect global energy and water cycles, are under- 

studied. Finally, observed continental impacts can be used to validate whether 

general circulation models (GCMs), such as those used in the National Centers 

for Environmental Prediction (NCEP) and European Centre for Medium-Range 

Weather Forecasts (ECMWF), can reproduce such features. In GCM evaluations, 

two approaches are generally accepted to fuse satellite observations in GCMs. 

1 



JIN AND KING: LAND IMPACTS AT CONTINENTAL SCALES 2 

One is to optimize the model parameters based on satellite observations (Tin and 

Liang 2005). Another is to analyze observations to advance the understanding of 

certain physical processes, and then improve the capability of simulating such 

processes (Tin and Shepherd 2005). The National Aeronautics and Space Ad- 

ministration (NASA) Terra Moderate Resolution Imaging Spectroradiometer 

(MODIS) observations provide rich information that is useful to improve our 

understanding of land-atmosphere interactions. 

Clouds, water vapor, and rainfall are closely related to each other. To study 

land continental impacts on the hydrological cycle, these three variables need to 

be examined simultaneously. Covering about 70% of the Earth's surface, clouds 

reflect shortwave radiation and absorb and emit longwave radiation. Therefore, 

their importance in the Earth's climate system cannot be overestimated (Ara- 

kawa 2004). ISCCP data for 1982-1996 showed that 64% of the globe is covered 

by clouds, whle only 54% of the Northern Hemisphere land, 53% of the South- 

ern Hemisphere land, 66% of the Northern Hemisphere ocean, and 70% of the 

Southern Hemisphere ocean is covered by clouds. A slight difference in daytime 

and nighttime was also detected (Hahn et al. 1994) 

(www.a~ci.ora/publications/eoc94/EOCl - /EOC1-25.html). With the advent of 

the multispectral and h g h  spatial resolution MODIS instrument on Terra and 

Aqua, these newer observations show that the globe is generally 68-70% covered 

by clouds, depending on satellite. Unfortunately, clouds are the major uncer- 

tainty in model response to climate forcing (Cess et d. 1989). Accurate measure- 

ments on cloud properties including cloud optical thickness, cloud particle size, 

cloud cover, and cloud spatial, vertical, and temporal distribution are hghly de- 

sired. 

Water vapor is the most abundant greenhouse gases in the atmosphere 

(IPCC 2001). Thus, water vapor links closely with temperature, as increases of 
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water vapor correspond to surface and atmospheric warming in forms of latent 

heat release in water phase change (Chahne 1992). The global distribution of to- 

tal column atmosphere water vapor is determined by surface temperature, with 

the peak typically over equatorial regions and the minimum over cold Polar Re- 

gions. In general, the tropical regions contain 6 cm of water vapor, IO times more 

than that of Polar Regions (Randel et R Z .  1996). The most humid region of the 

globe is the west equatorial Pacific Ocean, where so-called ”warm pool” sea sur- 

face temperatures make the atmospheric temperature high and thus able to hold 

more moisture. Equatorial desert regions have regional minima in part because 

the deserts are extremely dry due to subsidence. The vertical distribution of wa- 

ter vapor is also well known, decreasing rapidly from the surface to higher alti- 

tudes with about 50% below 850 hPa (IPCC 2001, chapter 7). The global average 

turn over time for water vapor is 9 days (Seidel 2002), given the fact that the 

global average precipitable water is -2.5 cm if it rains to the surface, but the an- 

nual global precipitation is -1 m. 

This paper makes extensive use of MODIS observations, combined with the 

Tropical Rainfall Measuring Mission (TRMM) and Global Precipitation Climatol- 

ogy Project (GPCP) global precipitation analysis, to examine monthly cloud, wa- 

ter vapor, and rainfall seasonal and interannual variations for eventually a better 

understanding of land continental impacts on atmospheric hydrological vari- 

ables. In particular, we will address the following questions: 

(a) What are the observed geographical distributions of water vapor, rainfall, 

cirrus fraction, cloud optical tluckness, effective cloud liquid droplet size, 

and effective ice particle size? 

(b) What are the continental average values for these variables over given re- 

gions and seasons? What are the maxima and minima of these variables 

on continental averages? 
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The next section (Section 2) describes data sets and background information 

on water vapor, clouds, cirrus, and rainfall retrieval. Section 3 discusses results, 

and is followed by a section of final discussion and remarks (Section 4). 

2. DATA 

More than three years (April 2000 to July 2003) of cloud properties, including 

cloud optical thickness3, cirrus fraction, water vapor, and effective radius for wa- 

ter and ice clouds measured by MODIS (Gao et al. 2002; King et al. 2003; Platnick 

et al. 2003; Seeman et al. 2004) were used in ths study. MODIS uses infrared 

bands to determine cloud physical properties related to cloud top pressure and 

temperature, and visible and near-infrared bands to determine cloud optical and 

microphysical properties. Nakajima and King (1990) showed that the reflection 

function of clouds at a non-absorbing band in the visible wavelength region (e.g., 

0.66 pm) is primarily a function of cloud optical thickness, whereas the reflection 

function at a water (or ice) absorbing channel in the near-infrared (i.e., 1.6 or 2.1 

pm) is a function of cloud particle size. Ths  algorithm, together with extensions 

to distinguish between liquid water and ice clouds and to consider reflection by 

various underlying surfaces, including snow and sea ice (King et al. 2004), has 

been incorporated into the operational MODIS retrieval algorithm. MODIS gives 

cloud droplet size (re)  in two thermodynamic phases, viz., cloud effective droplet 

size for liquid water (yew) and for ice (rei). The cloud liquid (and ice) water path 

is calculated from the retrieved cloud optical thickness (q) and effective radius 

Cloud optical thickness is a dimensionless integral of the extinction coefficient 
along a vertical path through the cloud. It is determined by liquid water path and effec- 
tive radius. Liquid water path is the weight of liquid water droplets in the atmosphere 
above a unit surface area on the earth {g m-2]. Effective radius is the ratio of volume to 
area of cloud drops, droplets, or ice crystals integrated over the cloud particle size dis- 
tribution. 
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re - 
The MODIS-derived atmospheric profiles product (Kmg et al. 2003; Seemann 

et al. 2003) is produced using 12 infrared bands with wavelengths between 4.47 

and 14.24 vm, and includes atmospheric profiles of atmospheric temperature and 

moisture layers, total column ozone, and total precipitable water. Of particular 

interest to this study is the water vapor in the total atmospheric column, which 

has important applications to climate studies. 

Corresponding monthly mean rainfall measurements from NASA TRMM 

(Simpson et nl. 1988) and GPCP microwave and geosynchronous satellite analysis 

(Adler et aZ. 2003) are used to show the different features of surface precipitation 

over different continents. Specifically, we analyzed land rain gauge data origi- 

nally provided by Global Precipitation Climatology Center (GPCC). The spatial 

resolution of the data is 1" x 1" for TRMM and 2.5" x 2.5" for GPCP. 

3. RESULTS 

Cloud optical thickness (zc) varies across the globe and has evident seasonal- 

ity (Figure 1). The optically thckest clouds are present over land rather than 

over the ocean, in particular over west Eurasia, east Asia, and southeastern South 

America. The cloud optical thcknesses over these areas are about 30 all year 

around. The miniinurn z, (c IO) occurs over ocean regions related to subtropical 

subsidence. In addition, other regions, including eastern North America and 

Greenland have large z, up to 30 during winter months (cf. November-January). 

No satellite observations are available for Greenland during winter months be- 

cause the satellite algorithm requires reflected sunlight, but large zc values are 

observed in September, October, and February. 

Globally averaged cloud optical thckness over land is larger than that of 

ocean, with values ranging from 12-15 for land but only 11-12 for ocean (Figure 
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2a). Larger zc corresponds to more reflection or scattering to shortwave down- 

ward solar radiation, and results in less surface insolation. In addition, land has 

more evident seasonality than ocean does. The peak 'cc of land occurs in October 

2000-2002 and in November 2003. Continental-wide averaged zc for North 

America, Eurasia, and the whole Northern Hemisphere (poleward of 70"N is not 

included) is shown in Figure 2b, further proving that land has larger zc than 

ocean. Furthermore, each continent has distinct seasonality. For example, North 

America has hgher zc than Eurasia. Both Eurasia and North America have peak 

zc during winter seasons (November-February ), whle North America has its 

minimum zc in March and Eurasia has its minimum in July or August. Finally, 

Eurasia has relatively noisier seasonal and interannual variations than North 

America. 

Clouds result from large-scale dynamics as well as local convection. There- 

fore, analyses over different regions serve to illustrate what region, with corre- 

sponding dynarnical or thermodynamical systems, contributes most to the conti- 

nentally-averaged seasonality observed in Figure 2. Figure 3 shows that zonally- 

averaged zc over 0"-10"N and 30"-40"N have the largest differences among land 

and ocean surfaces. For all 10" latitude zones (e.g., 0"-10"N, 10"-20"N, 20"-30"N, 

40"-50"N, and 50"-60"N), land zc are larger than the cloud optical thickness of 

ocean regions. Although all zonal bands have distinct seasonality, they are dif- 

ferent in many details. First, the amplitude of seasonality (peaks minus mini- 

mum values) is different. The smallest seasonality occurs in 20"-30"N and the 

largest seasonality in 50"-60"N. Second, low latitudes (0"-10"N, 10"-20"N) have 

peak values of zc in July and minimum values during January-March, but h g h  

latitudes (40"-50"N, 50"-60"N) have peak z, occurring in January. In addition, 

high latitudes have much larger zC than low latitudes do. For example, 50"-60"N 

has the minimum z, of 14 and a maximum zc of 15 in January. Over the North- 
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ern Hemisphere, the lowest zonal zc occurs in 10"-20°N during the wintertime, 

with a value only 5.5 for both land and ocean in January 2001, March 2002 and 

March 2003. 

Figure 4 shows the geographcal distributions of cloud effective radius for 

water clouds (rew) and ice clouds (Ye,), averaged from April 2000 to July 2004. 

The overall pattern between (Figure 4a) and zc are very sirmlar. For liquid 

water clouds, the maximum cloudlet size occurs over western tropical Pacific 

warm pool region, where large evaporation associated with large sea surface 

temperature exists. Both land and ocean have large rew variations with the 

minimum as low as 5 and the maximum monthly mean up to -22 pm in the 

tropical ocean regions. In general, oceans have larger values of Yew and relatively 

moderate variations, whereas land surfaces have smaller values of Yew because 

land regions have more aerosols that serve as cloud condensation nuclei (CCN). 

In contrast, for ice clouds, the particle size has relatively small differences be- 

tween land and ocean, except over snow and sea ice surfaces such as the Antarc- 

tic continent and high northern latitudes (Figure 4b). A closer look on the conti- 

nental scale (Figure 5) further confirms that land has smaller Ye than ocean, espe- 

cially for liquid water clouds, and has larger seasonal variations for both liquid 

water and ice clouds. Specifically, rew varies from 11 to 14.5 pm for the North 

American continent (13 to 14.5 pm for Eurasia) but much more moderately for 

the Northern Hemisphere that includes both land and ocean from 13.5 to 15.2 pm 

(Figure 5b). Furthermore, North America has a larger interannual rew variation 

than Eurasia. By comparison, the differences in rei between the three regions are 

much less distinct, with rei being the largest in January and February and the 

smallest in July, in stark contrast to Yew, whch is largest in July and the smallest 

in January and February. In addition, rel ranges from 25-29 p m  continentally 

(Figure 5a), whch is larger than the hemisphere average, suggesting that land 
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increases the spread of rei. 

Similar to zo cirrus fraction varies across the globe and has evident seasonal- 

ity (Figure 6), with maximum occurring over the Tibetan plateau region. Low 

values are observed over subtropical subsidence and North Pole regions where 

low humidity and low temperature are present. A maximum of -0.8 occurs over 

the Antarctic continent in the Spring and Summer months (September- 

February), and Greenland and North America in March and April related to the 

transition time. The Andes has h g h  cirrus fraction all year around. In general, 

land has higher cirrus fraction than ocean. For example, Asia has a cirrus frac- 

tion around 0.5 in all months, whle most ocean regions have (0.3 in the tropics 

and subtropics. 

At continental scales, land enhances the amplitude of the annual cycle of cir- 

rus fraction by about 50% (Figure 7), since the Northern Hemisphere ranges from 

0.35-0.45, but North America ranges from 0.35-0.60 and Eurasia from 0.27-0.5. 

Specifically, the seasonality of cirrus fraction is clear for both continents with 

minima in July and August and maxima in March. 

Globally, land has persistently lower water vapor amounts than ocean re- 

gions (Figure sa). Water vapor ranges from 11.5 to 13 cm [Menglin - the units in 

Figure 8 and in the text here don't make sense; the global water vapor ranges 

from (0.5 to - 5 cm as shown in Figure 9, with a global mean of around 2.5-3 cm] 

for global ocean and from 10.8 to 12.8 for global land. This may be because 

oceans have adequate supplies of liquid water at the surface and thus should 

have maximum evaporation. Nevertheless, water vapor here is column inte- 

grated precipitable water, which is determined by surface as well as atmosphere 

temperatures, dynamics, and surface sources of water (Randel et al. 1996). In ad- 

dition, continents can differ from each other in their water vapor content (Fig. 

8b). Eurasia has hgher water vapor than North America by up to 40% in Janu- 
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ary 2002, with 18 cm for Eurasia and 13 cm for North America. In July, both con- 

tinents hold more water vapor than they do in January. The different relation- 

ship of land and ocean water vapor between Figures 8a and 8b, namely, globally 

land has less water vapor than oceans but for specific continents (Eurasia and 

North America) land has much larger amounts of water vapor than the global 

mean ocean. This suggests that other continents may be much drier and thus re- 

duce the land-averaged water vapor column amount. 

To examine all continents, Figure 9a shows the MODIS-derived global distri- 

bution of column water vapor, which varies dramatically over land and ocean. 

In general, because water vapor is a function of surface temperature, zonal de- 

creases from the moist tropics to the drier Polar Regions are evident. Equatorial 

regions have lugher water vapor because of h g h  surface temperature and ade- 

quate water supplies from of water from the surface. Greenland, the Tibetan pla- 

teau, and the Andes Mountains have minimum water vapor because of low tem- 

perature in the atmosphere that can thus hold little water vapor. The Saharan 

Desert and neighboring Arabian Peninsula have small water vapor content be- 

cause little water can be transported and held in these hot desert regions. Evi- 

dent seasonal changes of water vapor over the globe are observed in Figures 9a 

and 9b. In January, land over the Northern Hemisphere has uniformly smaller 

water vapor (Iess than 0.5 cm) because of the cold land and atmospheric tem- 

perature at that time of year. In addition, the maximum centers of water vapor 

have shifted south in January, whch is related to the seasonal variation of solar 

illumination. 

A study of land impact on the atmospheric hydrological cycle would not be 

complete without examining rainfall, as water vapor, clouds, and rainfall are 

closely related to one other. Figure 10 shows two monthly mean rainfall accu- 

mulation images for January and July, respectively. Ocean regions generally 
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have larger rainfall than land regions in tropical and subtropical areas, but such 

differences are further complicated by land cover evapotranspiration. For exam- 

ple, Amazonian forests have significantly more accumulated rainfall than nearby 

oceans because of the strong evapotranspiration and local convective activity 

(ref). 

As was the case for water vapor and clouds, evident seasonal variation of 

rainfall can be observed for certain regions (Fig. lob). Further analysis of zon- 

ally-averaged monthly rainfall accumulation from TRMM (Figure 11) shows that 

5"N has its maximum rainfall amount in July of up to -220 mm, and such 

maxima shft to 5"s in January and reduces to -160 mm. Minimum rainfall oc- 

curs from 10"-20"N and 10"-20"S, related to subtropical subsidence, where the 

monthly mean rainfall is generally <2O mm. 

At continental scales, seasonality of rainfall is significant (Figure 12). In 

July, both Eurasia and North America have much larger rainfall than they do in 

January. Nevertheless, North America seems to have its peak in September in- 

stead of July as in Eurasia. In addition, both continents differ from each other in 

terms of absolute values of accumulated rainfall. For example, in January 2001, 

North America had 40 mm of rainfall wlule Eurasia had only 20 mm, a 50% de- 

crease in continental average. Such differences must be related to both large- 

scale dynamics as well as local land cover mechanisms (Jin and Zhang 2002). 

Note that rainfall for the Northern Hemisphere in Figure 12 is based on GPCP 

rain gauge station data and is only over land and islands. Therefore, the ocean 

effects cannot directly be included in tlus figure. Nevertheless, this figure exam- 

ines the seasonal variation of rainfall for land surfaces and suggests inter- 

relationship between rainfall, clouds, and water vapor. 
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4. DISCUSSIONS AND REMARKS 

Tlus paper provides a prototype application of using MODIS and other ob- 

servations to better understand land-atmosphere interactions. Analyses of the 

land impacts on clouds, water vapor, cirrus fraction, and rainfall at continental 

scales from 2000 to 2004 illustrate that land enhances the seasonality of these 

variables, namely, land enhances the seasonal variation of cloud optical and mi- 

crophysical properties, column water vapor, and rainfall. Furthermore, land de- 

creases the cloud effective radius, especially for liquid water clouds. Different 

continents have different characteristics, which in turn are related to details of 

their land cover, geographc location, and nearby oceanic circulation. 

Scale is important in studying land impacts and climate change. Global 

scales and continental scales may have different distinguishing features. For ex- 

ample, the Eurasian and North American continents hold more precipitable wa- 

ter (column water vapor) than oceans in sumrner because land areas are warmer 

than the nearby oceans, but in the global mean, the atmosphere over the land has 

less water vapor than over oceans in large part because land over high latitudes 

is much colder and hence contains much less water vapor. 

Cloud simulation is one of the weakest parts of the current GCMs, partly be- 

cause of the lack of accurate knowledge of cloud dynamics, cloud microphysics, 

cloud-aerosol interactions, and partly because of the unrealistic specification on 

sub-grid cloud features. For example, the NCAR GCM, like many other GCMs, 

prescribes cloud effective radius of liquid water as 10 pm over oceans and 7-10 

pm over land, while MODIS observations show obviously spatial and temporal 

variations with a maximum up to 20 pm for liquid droplets over tropical ocean 

(cf. Figure 4). Over land, rew and rei vary with the underlying surface and aero- 

sol properties through cloud-aerosol interactions (cf. Figure 5). Since in the 

model re is used to calculate other cloud radiative properties (namely, cloud opti- 
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cal depth, single scattering albedo, asymmetry factor, and cloud effective emis- 

sivity), any error in the prescribed re may propagate into the model's cloud 

properties and may further propagate into surface temperature and rainfall 

simulations. Therefore, realistic cloud droplet size is very important in model 

cloud parameterization. 

Accurate cloud, water vapor, and rainfall simulations in climate models re- 

quire knowledge of land-atmosphere interactions, the basic feature that deter- 

mines the global water and energy transport. Current GCMs needs observations 

to validate and improve the models. For example, Figure 13 shows the NCEP 

reanalysis simulated column water vapor, which is evidently different from 

MODIS observations (cf. Figure 8b) in both the relative pattern and in quantita- 

tive values. MODIS shows the peaks of water vapor occurring in January for 

Eurasia and North America, but NCEP shows a minimum then [Menglin - again 

I thnk Figure 8 does not look reasonable, and thnk that the NCEP result is more 

consistent with Figure 9; please check Figure 8 carefully]. In addition, MODIS 

shows land increases the peaks and decreases the minima, but NCEP shows land 

and ocean having similar peak time and values. Ths  example suggests the im- 

portance of using satellite observations to validate and improve GCMs for a pos- 

sibly better simulation of the climate system. 

Unfortunately, a clear gap exists between remote sensing observations and 

climate model requirements, partly because limited resources hinder an in depth 

analysis of the rich information content that MODIS, TRMM, and other observa- 

tions contain, and partly because of the mismatch in the remote sensing and 

modeling communities. One example for the latter is resolution-MODIS can 

give 1 km spatial resolution observations while model grid are typically about 

100 km. How to scale up hgh-resolution data meaningfully for GCM use is a 

challenging task. Only a collaboration between remote sensing experts and 
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modelers can possibly fill the gap and make more effective use of satellite obser- 

vations into GCMs. 

Although remote sensing data by themselves are extremely valuable, their 

uncertainty requires special attention in using these data in climate studies or for 

improving GCMs. Like any other measurements, MODIS observations have re- 

ported uncertainties, for example, instantaneous errors of column water vapor 

over a 1.5 year time period are accurate to an rms error of about 4.1 mm when 

compared to collocated ground-based microwave radiometer observations (See- 

mann et al. 2003), and ice effective radius is accurate to about 1.5 pm for optically 

thin cirrus clouds when compared to collocated ground-based millimeter cloud 

radar observations (Mace et al. 2005). It is important €or the users to realize that 

using data to study the patterns and differences, namely, seasonal, diurnal and 

interannual variations, rather than absolute values, shall make the final result 

less affected by the uncertainty of the observations. 
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FIGURE LEGENDS 

Monthly mean cloud optical thckness from April 2000-July 2003. 

Monthly mean cloud optical thickness as a function of time (a) for 

global land and ocean, and (b) for North America, Eurasia, and the 

Northern Hemisphere. 

Zonal mean cloud optical tlckness as a function of time for land and 

ocean regimes. 

Monthly mean cloud effective radius for (a) liquid water clouds and 

(b) ice clouds from April 2000-July 2003. 

Monthly mean cloud effective radius as a function of time for (a) ice 

clouds and (b) liquid water clouds. 

Monthly mean cirrus fraction from April 2000-July 2003. 

Monthly mean cirrus fraction as a function of time for North America, 

Eurasia, and the Northern Hemisphere. 

Monthly mean precipitable water as a function of time (a) for global 

land and ocean, and (b) for North America, Eurasia, and the Northern 

Hemisphere ocean. 

Monthly mean precipitable water for (a) July 2004 and (b) January 

2004. 

Figure 10. Accumulated rainfall measured from TRMM for (a) July 2003 and (b) 

January 2004. 

Figure 11. Zonally-averaged monthly mean accumulated rainfall from TRMM 

observations at 180"W. 

Figure 12. Monthly rainfall for the Northern Hemisphere, North America, and 

Eurasia. Data are based on GPCP analysis. 

Figure 13. NCEP reanalysis simulated precipitable water vapor for North Amer- 

ica, Eurasia, and the North Hemisphere. 
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Figure 1. Monthly mean cloud optical thckness from April 2000-July 2003 
[should add through March 2004 or 2005 later]. 
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Figure 2. Monthly mean cloud optical thckness as a function of time (a) for 
global land and ocean, and (b) for North America, Eurasia, and the 
Northern Hemisphere. 
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Figure 3. Zonal mean cloud optical thckness as a function of time for land and 
ocean regimes. 
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Figure 4. Monthly mean cloud effective radius for (a) liquid water clouds and 
(b) ice clouds from April 2000-July 2003. 
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Monthly mean cloud effective radius as a function of time for (a) ice 
clouds and (b) liquid water clouds. 
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Figure 6 .  Monthly mean cirrus fraction from April 2000-July 2003. 
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Figure 7. Monthly mean cirrus fraction as a function of time for North America, 
Eurasia, and the Northern Hemisphere. 
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Figure 8: Monthly mean precipitable water as a function of time (a) for global 
land and ocean, and (b) for North America, Eurasia, and the Northern 
Hemisphere ocean. 
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Figure 10. Accumulated rainfall measured from TRMM for (a) July 2003 and (b) 
January 2004. 
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Figure 11. Zonally-averaged monthly mean accumulated rainfall from TRMM 
observations at 180"W. 
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Figure 12. Monthly rainfall for the Northern Hemisphere, North America, and 
Eurasia. Data are based on GPCP analysis. 
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Figure 13. NCEP reanalysis simulated precipitable water vapor for North Amer- 
ica, Eurasia, arid the North Hemisphere. 


